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Abstract

Two cDNA fragments encoding full-length trypsinogen-like proteins were cloned from larvae of two strains (RC688s and HD198r)
of the Indianmeal mothRlodia interpunctella(Hubner), which differed in their sensitivity tBacillus thuringiensigprotoxins. One
cDNA fragment contained 874 nucleotides, including a 780-nucleotide open reading frame that encoded a trypsinogen-like protein
(PiT2b). Another cDNA fragment amplified from bo# interpunctellastrains contained 864 nucleotides including a 780 bp open
reading frame encoding a second trypsinogen-like proteim2c). The cDNA sequence d&#iT2b shared 89% sequence identity
with PiT2a, a trypsinogen-like protein cloned previously from this species. The cDNA sequeneé&afandPiT2c shared 83%
identity. The cDNA sequence identity betweliT2b andPiT2c was 80%. The cDNA foPiT2b from strain RC688s was different
at six nucleotide positions from that &fiT2b from strain HD198r. Five nucleotide replacements occurred in the open reading
frame leading to amino acid changes at all five positions. There were five nucleotide differences in the cDRAZdarypsinogen-
like proteins from the two strains. Two nucleotide substitutions in the open reading frame resulted in replacements of two amino
acid residues in the deduced protein sequences. Amino acid sequen&$ZarandPiT2b shared 84% identity, but only 50%
identity was observed betwed?iT2c and the other two trypsinogen-like proteins. The deduced amino acid sequen&&§2ior
and PiT2c included both signal and zymogen activation peptides and amino acid sequence motifs which are conserved in seven
homologous trypsinogen-like proteins from other insects. Typical features of the putative trypsinogen-like proteiRs ifitem
punctellaincluded the serine proteinase active site triad {Hidsp**3, and Set®d), three pairs of cysteine residues for disulfide
bridges, and three residues, A%p Gly?*°, and GIy®°, that help to confer trypsin-like specificity to the enzymes. Quantitative RT-
PCR analyses showed that, in fourth instar larvae, RC688s had 1.6-fold IHgF#a trypsinogen-like mRNA than did HD198r.
Expression ofPiT2b mRNA was 3.4-fold higher in HD198r than in RC688s. ExpressioRid2c mMRNA was 2.8-fold higher in
RC688s than in HD198r. Mean accumulation levels of mMRNAs for all three trypsinogen-like proteins were slightly higher in RC688s
than in HD198r based on total RNA, and 1.3-fold higher in RC688s than in HD198r based on wet weight of larval body tissues.
Published by Elsevier Science Ltd.
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1. Introduction catabolism. Because of their important biochemical roles

in insect growth and development, these enzymes have

Serine proteinases are common luminal enzymes inbeen targets for proteinaceous inhibitors whose genes

midguts of many insect species including Lepidoptera have been incorporated into transformed plants (Hilder

(Applebaum, 1985; Terra and Ferriera, 1994). These and Boulter, 1999). Serine proteinases in the midgut also

endoproteinases function by hydrolysing ingested pro- activate protoxins elaborated by the entomopathogen,
tein into peptides during the initial stages of protein Bacillus thuringiensigBt), thereby mediating Bt toxicity
(Milne and Kaplan, 1993; Martez-Rarimez and Real,

1996; Oppert et al.,, 1996), and they also may play a

" Corresponding author. Tel+1-785-776-2785: fax+1-785-537-  concurrent role in the hydrolytic degradation and sub-

5584. sequent inactivation of the toxic protein. Forcada et al.

E-mail addressbaker@usgmrl.ksu.edu (J.E. Baker). (1996) reported that midgut extracts from a Bt-resistant
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strain of Heliothis virescengddegraded the Bt toxin in 2.2, Cloning trypsinogen-like protein cDNAs
vitro at a rate faster than extracts from a susceptible
strain. Shao et al. (1998) proposed that the excessive
degradation of protoxin irH. armigera midgut juice, Messenger RNA was purified from both strainsRof
which contained trypsin-, chymotrypsin-, and elastase- interpunctellalarvae. cDNA was synthesized and direc-
like enzymes, was responsible for the low sensitivity of tionally cloned into Uni-ZAP phage vector (Stratagene).
this species to Bt, with chymotrypsin playing a major In the previous study, one trypsin-like cDNA was iso-
role in the degrading process. lated and sequenced from bdeh interpunctellastrains
Plants transformed with genes for Bt toxins are tar- (zZhu et al., 2000) by using traditional library screening
geted to disrupt gut epithelial cell physiology but not to protocols. To obtain more highly-sequence-specific tryp-
inhibit proteinases. However, the potential for gut pro- Sinogen-“ke cDNAs, po|ymerase chain reaction (PCR)
insects is high and was the impetus for more detailed the ¢cDNA library as template and a T7 reverse vector
studies on the properties and gene expression of thes‘?)rimer and a forward degenerate primer-T&Y-
enzymes in the Indianmeal motRJodia interpunctella CARGGNGAYWSNGGNGGNCCNYT-3  designed
(quner), a pest of stored products that has_ dev_elopedfrom a highly conserved region (CQGDSGGPL) in both
resistance to Bt (McGaughey, 1985). There is evidence \janqyca sextarypsin and chymotrypsin that is located
that, in a selected strain &f. interpunctella(HD198r), approximately 250 bp from the’@nd of these genes
r?duced selns_itivity_tq Bthis a}ssociated w i”r'] the.lzbsence(Peterson et al. 1994, 1995). PCR-amplified DNA frag-
of a proteolytic activity that Is present in the wild-type : ]
strain (RC688s) (Oppert et al., 1997). The pattern of pro- nggﬁegi\%i/lggi)sg\;le,rf/vtl:)l?nseSq:JnetgczspSfEm;geé:ltooges

teolytic cleavage of Bt protoxins differs significantly . .
between these strains (Oppert et al. 1994, 1996). How-""<re determined by using an autom_ated sequencer. The
. . L : .. cDNA sequence of the trypsinogen-like protein was con-
ever, despite the differences in midgut proteinase activi- firmed by homoloav searchina of GenBank provided b
ties, the initial cloning and characterization of the genes Y 9y ing prov y
the National Center for Biotechnology Information by

for these enzymes at the molecular level documented ™ .
rather similar cDNA sequences and mRNA expression using the BLASTX protocol (Altschul et al., 1990; Gish
and States, 1993).

levels for both chymotrypsinogen-like and trypsinogen-

like genes in the two strains (Zhu et al. 1997, 2000). After the 3-end sequence of the trypsinogen-like
Nevertheless, in the latter study, Southern blot analysisCPNA was determined, specific reverse primers for each

revealed differences in restriction enzyme cleavage sitesl'YPSin-like CDNA were designed. The Bnds of differ-

in the trypsinogen-like genes from the twllodia ent trypsin_—like cDNAs were amp_lified usin_g a T3 vector

strains, which in addition to other data, suggested the forward primer and a reverse primer designed from the
possibility of the presence of multiple trypsinogen-like Sequence of each trypsin cDNA fragment. The PCR
genes in this species. The purpose of the current studyfagments were cloned into the pGEM-T vector and the
was to determine if additional trypsinogens are presentSequences determined.

in these twoPlodia strains and to apply a quantitative ~ To specifically amplify the full sequence of each tryp-

PCR method for monitoring the expression levels of sinogen-like cDNA, a forward primer and a reverse
their corresponding mRNAs. primer were designed based on sequence information of

each trypsinogen-like cDNA. PCR amplification was
performed using a thermostable proofreading Pfu DNA
polymerase (Promega) to re-amplify a full length tryp-
sinogen-like cDNA fragment from the cDNA library
template. This fragment was A-tailed and cloned into the
pGEM-T vector. The sequence of the insert was determ-
2.1. Insect cultures ined from both directions.
The Wisconsin Sequence Analysis Package (GCG
Unix version 9.0, Genetics Computer Group, Madison,
P. interpunctellastrain RC688s was collected from 1) including Pileup, Gap, Distances, and Growtree pro-
farm-stored grain in Riley County, Kansas, and main- grams was used to analyse the similarity of trypsinogen-
tained on a diet described by McGaughey and Beemanjike protein sequences (gap weight gap length
(1988) A Bt-resistant Strain, HD198r, was selected from We|ght:1) Sequence ana|ysis tools of the EprSy Mol-
RC688s using Bt subspentomocidus strain HD-198  ecular Biology Server of Swiss Institute of Bioinformat-

of strain HD198 to Bt subspentomocidusgs 100-fold sequences.

higher than that of strain RC688 (McGaughey, 1985).

2. Materials and methods
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2.3. Quantitative reverse transcription (QRT) PCR GARACRAC 8
i i i i GCAGCTGAACTTCCAGCA 68
analysis of trypsinogen-like mRNA expression AT T T T T & ¢ A A E L P A 20

1
. . . . GACCCTTATCCCAATGCCTCAAGGATCATCGGCGGTTCGGTCACCAGCATCAGCCAGTGG 128
Procedures for the quantitative determination ofthe o » v » x 2 s 1 T ¢ ¢ s Vv T s I s 0 W 40

. . . A
expression levels of three trypsinogen-like MRNAS WEre ccreacatececccTeTeeTATTICTCCTGGGGAACCACTGECCACAGECARTCCTGCGGA 188
modified from those used by Alexandre et al. (199g), * ° " *» *» » »rewexm e EE e s s o ®
GGTACCATCCTGAACCAGCGGTCCATCCTCTCAGCCGCTCACTGCTTCGTTGGTCACGCC 248
Guenthner and Hart (1998) and Igaz et al. (1998) TO¢c 7 1 L. N QRS I L SAAHTCTF V G HA 80
develop a homogeneous internal standard for QRT-PCR 7 CAACAGCGEAGAGTTSTETC 308
. . . . 1A TGGATCCACCAAC
analysis of trypsinogerPiT2a mRNA expression, the ?CGAEJGGSAG\‘?TTEGTETS ST N ANGS GGV vV F 100
restriction enzymaéBamHI was used to cut out a frag- - o aee
i i CGATACAACAATGA'
ment of PiT2a cDNA (nucleotide 268—291, Zhu et al., Ao O e e v & ¥ N N D 120
2000) The fragments were religated USing T4 DNA GTCGCCATTGTCCGCGTCGCTGGCTCCATA.:GCgACgGCéGCﬁAC&\TCEGC:CT?CT?IAC i[z}g
ligase. Because of two identical sticky ends cutBam VoA LV RVAG S
HI, re'ligation resulted in a cDNA fragment with a ATCGCTGGTGCCAACTACAAggg GTGACAACCAAGTCGTCTGGGCTACTGGATGGGGA 488
deletion or insertion of different numbers of 24-bp frag- * » ¢ » ¥ ¥ ¥ PN QW VAT GG e

ments. A cDNA fragment with two 24-bp insertions was . @ =
identified by PCR and agarose gel electrophoresis, and ‘i.mm TTgGCgCT*T\CAGgAGETGgGTgAAgTCgAAgTCgGGI;CTgTG@AC 248
then subsequently used as the internal standard for QRT- i

PCR analysis ofPiT2a mMRNA expression_ S|m||ar|y’ gAAGCGATTTGCACCAACCGCTACGCAACCCGAAACTGGGTTGTCACTCCCAACATGCTG 508

T N R YA TRNWV V T P NMIL
restriction enzymeHinf | (Fig. 1) was used to produce - it
H - . . .. TGCTCTGGGTGGTTGGACGTCGGCGGTCGCGACCAGTGCCAGGGCMTGGCGGCCCT 668
an internal standard with a 138-bp insertion (containing ¢ s ¢ w t o v.¢c ¢ ® b @ ¢ 0 G D s G & B = 220
two 69_bp fragments) for QRT_PCR ana|ysis of tryp_ CTCTTCCACAACAGAAACGTCGTCGGC?TCEGTgCCEIGGgGCII\TCgGAgGCgCTgACgCC Zig
B - . . . N R N V V G
sinogenPiT2b mRNA expression. Restriction enzyme .
Aat Il (Fig. 2) was used to produce an internal standard TTcmlgCTgGTgTCQAchTgGTgTC3AC§TTgGTgGG?TCgAAgcTQATgc’* 788
with a 125-bp deletion for QRT-PCR analysis of tryp-
SlnogenPITZC mRNA eXpreSSIon . AAATA(ﬁTTAAATACACGATGGTTTTCTCGAAATAAACATGGCCATATGA;‘?‘E\CCGGAA 848
Total RNA from a group of 20 fourth instar larvae
. AC'
(~70 mg) fed on the standard laboratory diet was
extracted by using guanidine thiocyanate denaturing sol- Fig. 1. Nucleotide and deduced amino acid sequences of tryps‘inogen-
ution and precipitated with isopropanol (Titus, 1991). ';l‘&;'fNAAfgibrtpreé’are‘f'r,IZth '“:?rp“”%te”?&“é\ A(;ga'”
Total RNA extrgctions were rgpeated three t,imes for Iyaden;I)ation siz):anggr;c?icted sigerZZII?)aepl)?ir(;g?:lganv,age siﬁ;pr%c()i-
both Bt-susceptible and B_t-r_eS|stant stralnsPoflnte_r— icted activation peptide cleavage site. IIGG are potential N-terminal
punctella Reverse transcription was conducted with an residues. Different nucleotides (on the top) and predicted amino acid
oligo-dT primer and SuperScript Il reverse transcriptase residues (at the bottom) of HD198r strain are boxed at each corre-
(Gibco BRL Life-TechnoIogies, Gaithersburg, MD). Fif- sponding position. Sequences ofHnf | sites were underlined. T2F

. primer sequence is marked with underlined bold letters, and T2R
teen micrograms of RNA for each repeat were used to primer sequence is marked with underlined italic letters. The sequence

generate the first strand of cDNA. _ _ _ has been deposited in GenBank with accession numbers AF173495 for
QRT-PCR was conducted three times with different RC688s strains and AF173496 for HD198r strain.

RNA samples for each trypsinogen-like mRNA species

and insect strain. Specific primers were designed based

on unigue sequences for each trypsinogen-like cDNA.

Primers T2F and T2R (sequences are underlined in Fig.

1) were used to amplifyPiT2b fragment, and primers at 94C, 30 s annealing at 3C, and 1 min extension at
T3F and T3R (Fig. 2) were used to ampl®iT2c frag- 72°C in a PTC-100 thermocycler (MJ Research, Inc.,
ment. The concentration range of the internal standardWatertown, MA). PCR products were separated on 1%
was determined by preliminary experiments. The stan- agarose gels, stained with Qug§/ml ethidium bromide,
dard was diluted in distilled 0 as follows: 10,000;  and photographed under UV light. Photographic data
5,000; 1,000; 500; 100; 50; 10; 5; and 1 pg/The PCR  was analysed by using the video densitometry program
reaction mixture contained 18 of standard, 1.5ul of ITTI  version 2.2 (Interactive  Technologies
target cDNA, 2ul of PCR buffer (100 mM Tris—chloride  |nternational). The relationship between standard con-
pH 9.0 containing 500 mM KCl and 15 mM Mg§l  centration and PCR band intensity was determined by

0.8 ul of 2.5 mM of each dNTP in BD, 0.5ul of each  ysing Sigma Plot with a log transform of the concen-
primer (10 pmolgdl H,O), 1.5 unit of Tag DNA poly-  {ration.

merase, and D to obtain a final volume of 2Ql. The
DNA was initially denatured for 3 min at 9€, and the
PCR amplification included 40 cycles of 30 s denaturing

874
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- A2 cDNA end sequences. Full-length cDNA fragments were
AIG6CGCOACTATIGEICCTCTCTOCACTACTGTTACCASCTIRCRAT TGORCOCCOCT 22 suc_cessfully amplified from the cDNA libraries o_f_both_
N GTCCA;GTG o strains by using Pfu QNA polymerase and SpECIf!C pri-
e mers corresponding to'5and 3-ends of each trypsino-
GAATC:CTGGGCGTGTTCACCAACACCTGGGGCCAGTCTTGTGCCGCCAGCATCCTCAAC 182 gen_llke CDNA ) )
ESLGVFTNTWGOSCARASTILN 60 In addition to the cDNA coding forPiT2a, two
TCTAGGAATGTTCTATCTGCTGCTCATTGTTTCGCTGGAATCCTATACGACGCCAGCCGC 242 additional fuII-Iength sequence cDNA fragments were
S R NV L S A A HCVF A G I L Y DA S R 80 . .
cloned from bothP. interpunctellastrains. One cDNA
CGTCGGGTCCGCGCCGGCTCAACCTTCCGCAACACCGGCGGTATCCTGGCTCTGGTCGAG 302 . .
RRVYRAGSTFRNTGGTILALYE 100 fragment contained 874 nucleotides that encoded a tryp-
CGCGAATTCAACCATCCATCCTACGGCAGTCTCGGGCTGGACGGTGACGTCAGCGTGETT 362 sinogen_like protein (designated Ej;TZb). The cDNA
R E F NH P S Y G S L GL D G DV S8 V V 120 . .
AGACTGAGCGAGCCCCTGGTCTACAGCCCCGTCGTGCAGCAAGCTACCATTGTGGCTCAG 422 Sequences from bOth Stralns InCIUded the Start COdon
R LSEPLVVYSEPEVUYQQATTIVAGQ 140 ATG at positions 9-11, the termination codon TAA at
cc ST S positions 789-791, and the polyadenylation signal,
ATACTGTCAT(JCTTGACAATCTCCCCGTCGTTCACGCTGGATGGGGCGCGACGT oy .
BTV I .- N L PV VEHAGTHWGA AT S W 160 AATAAA, at positions 821-826 (Fig. 1). The open read-
ing frame consisted of 780 nucleotides. Another cDNA
CAAGGACCAGCTTCCAGCCAGCTC’CAACACCATCTACACAGTGAACAACGACCTC 542 fragment amplified from both strains encoded a third
LR Y trypsinogen-like protein (designated #&T2c). The
TGTCGCGAGCGCTACCTCCAGCTCCCCAACCAGATCGTCACTCCTAACATGATCTGCGCG 602 sequences included a start codon, a termination codon,
¢ RERY LD ENQIVEENN TR 20 a potential polyadenylation signal sequence AATATA,
SGTETCETTSAC\G]TTgGTgGCEGCgATgCTgGCgAGgGTgACgCTgGCgGCSCCETGzAC ggg and a 780_bp Open readlng frame (Flg 2)

TATGATAACATCCTCATTGGCATTGTCTCCTGGGGACACCAATGCGCTAACGCGACCTTC 722 The CDNA Sequences f(ﬂlTZa and:)ITZby P|T2a and
¥ RN I L LG I VSWGHQCANATE 240 PiT2c, andPiT2b andPiT2c shared 89%, 83%, and 80%
identities, respectively.

T3R
C%GAGTC'AGTACTGCTGTCGCCCCCTACACCAACTGGATCGTGCAAATCGCTGAGAGC 782
P v s T A VA P Y TNW I V Q I A E S 260

3.2. Deduced protein sequences

TAAATTATATCGTTTACTTTATGATAT?J%ATGTAAAAATATATATT CTTCTACAACATTG 842

TAAAAAAAAAAAAAAAAAAAAA 864

The predicted amino acid sequence from #i@&2b
Fig. 2. Nucleotide and deduced amino acid sequences of trypsinogen-CDNA contained 260 residues. The deduced mature tryp-

like cDNA PiT2c prepared fromP. interpunctella RNA (strain N . . . . . .
RC688s). ATGstart codon; TAAtermination codon; AATATA-pot- sin-like protein had 232 amino acid residues including

ential polyadenylation signal=predicted signal peptide cleavage site; NiN€ negatively-charged residues (aspartic acid and glu-
A-=predicted activation peptide cleavage site. IVGG are conserved N- tamic acid) and 13 positively charged residues (arginine
terminal residues. Different nucleotides (on the top) and predicted and lysine). The molecular mass and theoretical pl value
amiﬂo acid resigues (at the bottom) of Hlf3198r strain are nged at \were 25 kDa and pH 8.78, respectively. The deduced
each corresponding position. Sequences of Aabll sites are under- . . . ’ .

lined. T3F primer sequence is marked with underlined bold letters, trypsmogen-llkg prOte_m fro_m the’iT2c cDNA con-
and T3R primer sequence is marked with underlined italic letters. The tained 260 amino acid residues. The mature form of

sequences have been deposited in GenBank with accession numbePiT2c contained 238 amino acid residues with 18 nega-

AF173497 for RC688s strain and AF173498 for HD198r strain. tively-charged residues and 11 positively-charged resi-
dues. The molecular mass and theoretical pl value were
3. Results 26 kDa and pH 5.05, respectively.
The deduced amino acid sequencd?df2b was most
3.1. Trypsinogen-like protein cDNAs similar to PiT2a with 84% identity (Fig. 3). Less similar
3’-RACE was used to obtain cDNA fragments enco- b mermmctella 2 st
ding putative trypsinogens frorR. interpunctella Six- P interpunciella M2 84% 0%
teen of 31 clones that were sequenced carried inserts M. sexta [T 67%  55%
with deduced amino acid sequences similar to other tryp- J T
sinogen-like proteins in the GenBank, whereas only two Bomby mori 2 o 4o
clones carried inserts with a deduced amino acid Choristoneura fumiferana /T 66% 54%
sequence similar to chymotrypsinogen-like proteins. C. fumiferana /T1 66%  54%

H. armigira /TP 64%  52%

Multiple alignment of these trypsinogen-like cDNA ends
demonstrated that these sequences represented three difig. 3. Phylogenetic relationship based on the amino acid sequences
ferent cDNAs including the one reported previously, of PiT2a, PiT2b, andPiT2c from P. interpunctella(RC688s) and 6

hereafter terme®iT2a (Zhu etal., 2000). The' %®nd of ot_her homologous tryp_sinogen sequences (see GenBank citations in
Fig. 4) established using GCG Distances and Growtree programs.

each trypsmqgen—hkg . CD_NA WaS, ampllfled a”‘?' Sequence identity witlPiT2b is displayed in the first column after
Sequenc_ed using specific primers deggned for _eaCh Kindspecies name, and sequence identity vi#fi2c is displayed in the
of trypsinogen based on the previously obtain€éd 3 second column after species name.
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were the sequences of the trypsin-like precursors T andsequence identity and 84% amino acid sequence identity.
Tc from Manduca sextéboth 67%). The sequence ident- PiT2c is less similar and more closely related to two
ity betweenPiT2b andPiT2c was 50%. Gap analysis Manduca trypsin-like enzyme precursors than to the
indicated that thePiT2c sequence was most similar to other two trypsinogen-like proteins froflodia (Figs 3
those of two M. sexta trypsinogens with 55% and 4).
sequence identity.

Multiple sequence alignment of the three trypsinogen- 3.4. Trypsinogen mRNA expression
like proteins ofP. interpunctellawith six homologous
insect trypsin-like proteases indicated that 71 amino acid Different levels of trypsinogen-like mRNA expression
residues were conserved among all nine of the insectin the two P. interpunctellastrains were first observed
trypsin-like proteins (Fig. 4). These sequences containedafter PCR amplification of equal titers of RC688s and
all of the conserved residues representing typical fea-HD198r cDNA libraries by using specific primers for
tures for trypsin-like proteinases, including signal and each trypsinogen-like cDNA. Band intensities féiT2a
zymogen activation peptides, a highly conserved N-ter- andPiT2c amplified from RC688s were similar to those
minal sequence, three conserved putative active site resifrom strain HD198r (indicated by arrows in Fig. 5a).
dues, Hi&', Asp'23 and Set®3 which form the catalytic  DNA fragment intensity forPiT2b amplified from the
triad in serine proteases (Kraut, 1977; Wang et al., 1993; RC688s library was 3.1-fold lower than that fBiT2b
Peterson et al., 1994), and six cysteine residues predictedrom HD198r. The results were reproducible when dif-
to occur in disulfide bridge configurations among tryp- ferent primers were used in the PCR amplifications (data
sins and chymotrypsins. The residues &§pGly?*°, and not shown).
Gly?%°, which help to define the substrate binding pocket By using quantitative RT-PCR, expression levels of
are highly conserved in these trypsin-like enzymes aseach trypsinogen-like mRNA in fourth instar larvaeRof
well. Asp??” determines specificity in both invertebrate interpunctellawere determined. Densitometric analysis
and vertebrate trypsins by interacting through ionic showed that the total area of each band reached equilib-
forces with a Lys or Arg residue at the substrate cleavagerium with the internal standard at concentrations of 7.5

site (Hedstrom et al., 1992; Wang et al., 1993). pg mMRNA perpl of PCR product for RC688s and 4.4
pg mMRNA perpul of PCR product for HD198r. Strain

3.3. Differences in cDNAs and deduced protein RC688s had 1.2-fold highePiT2a trypsinogen-like

sequences MRNA than strain HD198r based on mRNA content per

pg of total RNA and 1.6-fold highePiT2a mRNA than
The cDNA for PiT2b of strain RC688s was different HD198r based on mRNA content per gram of larval
at six nucleotide positions from that of strain HD198r. tissue PiT2a, Fig. 5b). Quantitative analyses of mMRNA
Five nucleotide replacements were present on the operfor PiT2b proteins in the two strains indicated that strain
reading frame (Fig. 1), leading to amino acid changes HD198r had 4.7-fold highePiT2b mRNA perpug of
at all five of these positions. Nucleotide substitutions, total RNA and 3.4-fold highePiT2b mRNA per gram
C5A245 TH423,(CH23 A%88,(Ge88  T503,(C503 tissue PiT2b, Fig. 5b) than strain RC688s. Results of
C™9>T79 in strain RC688s resulted in amino acid QRT-PCR analyses ofPiT2c mRNA indicated that
changes, A—D®, |148-pl48 E63 (G163 F168,5168 PiT2c mRNA expression levels in strain RC688s were
S2%0F2%0 in strain HD198r. Despite the differences in  2-fold higher based on total RNA and 2.8-fold higher
amino acid content, the mature trypsin-like enzyme of based on tissue weightP{T2c, Fig. 5b) than strain
HD198r strain was still predicted to have a molecular HD198r.
mass of 25 kDa, a pl value of pH 8.78, and the same Although the three trypsinogen-like mRNAs were
numbers of negatively charged residues (9) and posi-expressed differently in the twl. interpunctellastrains,
tively charged residues (13) as was predicted from overall accumulative levels of mMRNAs for the three tryp-
RC688s cDNA. sinogen-like proteins in larvae fed the laboratory diet
There were five nucleotide differences on cDNAs were only slightly higher (1.1-fold) in RC688s than in
from RC688s and HD198r strains fBiT2c trypsinogen-  HD198r based on mRNA levels pgig of total RNA,
like proteins, including two nucleotide substitutions in and 1.3-fold higher based larval tissue weight
the open reading frame, which resulted in replacements(PiT2a+b+c; Fig. 5b).
of two amino acid residues in the deduced amino acid
sequences (Fig. 2). None of the different amino acid resi-
dues resulted in any differences in molecular mass, pl4. Discussion
value, or numbers of negatively- or positively-charged
residues between the two strains. The proteinase from insects studied most frequently
Among three trypsinogen-like proteins froRlodia, has been trypsin-like in specificity (Reeck et al., 1999).
PiT2a andPiT2b were very similar, with 89% cDNA  We have studied trypsinogen-like proteinsPn inter-
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PiT2b
PiT2a
MsT
MsTC
PiT2c
BmP2
CfT
CfT1
HaT

PiT2b
PiT2a
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PiT2c
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CfT
CfT1
HaT

PiT2b
PiT2a
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PiT2c
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HaT

PiT2b
PiT2a
MsT
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PiT2c
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CfT
CfT1
HaT

PiT2b
PiT2a
MsT
MsTC
PiT2c
BmP2
CfT
CfT1
HaT
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1 | 60
MRALIVLALVAAAFA--AELPADPYPNASRIIGGSVTSISQWPEMA- - -AL-LFSWG-TT
MRTLIVLALVAAAFA--AEVPSDPYPNAQRIVGGTVTDISQWPEMA- - -AL-LFSWG-TT

-R--LFLALLALGFAAVAAVPANP----QRIVGGSTTTIQQYPTIV---AL-LFSRNGNT
MR- -LFLALLALGFAAVAAVPANP----QRIVGGSTTTIQQYPTIV---AL-LFSRNGNT
MARLLVLS--ALLLAAY-NVDA----- AGRIVGGELTTIEYYTSLVQVESLGVFT-N--T
—————————————————————————————— IIGGSTTTIDRYPGIV---SL-LEFTRNWSQ
MR- -VTLALVALCLVSVAALPEKQ----QRIVGGSVITIEQWPSGS---AL-LYSWNLVT
MR- -VTLALVALCLASVAALPEKQ----QRIVGGSVITIEQWPSGS---AL-LYSWNLVT
MR--I-LALVALCFAAVAAVPSNP----QRIVGGSVTTIDQYPTIA---AL-LYSWNLST
* kk Kk K *
61 A 4 120

GHRQSCGGTILNQRSILS CFVG---HATARWQVRLGSTNANSGGVVFT-TQQLIN-H
GHRQSCGGTILNQRSILS CFVG---HATARWQVRLGSTNANSGGSVFT-TQQLIN-H
-FFQACGGTILNNRNVLT CPHG- - -DAVNRWRVRSGSTFANSGGAVHNLNS - -VRIH
-FFQACGGTILNNRNVLT CPHG- - -DAVNRWRVRSGSTFANSGGAVHNLNS - -VRIH
-WGQSCAASILNSRNVLS CFAGILYDASRR-RVRAGSTFRNTGGIL-ALVEREFN-H
-WWQACGGNLLNQRSVLS CTFG---DQTGAWRLRVGSTWANSGGVVHQLN-RITH-H
-YSQACGGAILNTRSILS CFIG---DAANRWRIRTGSTWANSGGVVHN-TALII-IH
-YSQACGGAILNTRSILS CFIG---DAANRWRIRTGSTWANSGGVVHN-TALII-IH
-YWQACGGTILNNRAILT CTAG---DANNRWRIRLGSTWANSGGVVHNLNA-NI-VH

* % **x % * kHME  * * k%% * k% *

121 180
PQYNSPVR-Y AIVRVAGSISYGSNIRAANIAGANYNLGDN-QVVWATGWGYTEF -G

PQYNSPAR-YD AILRVVGTINYGNNIRAGSIAGANYNLGDN-QVVWATGWGTTSAGG
PNYNR- -RNLDNDIAIMRTASNIAFNNAAQPARIAGANYNLGDN-QVVWAAGWGAIRSGG
PNYNR - -RNLDNDIAIMRTASNIAFNNAAQPARIAGANYNLGDN-QVVWAAGWGAIRSGG
PSYGSLG--LD SVVRLSEPLVYSPVVQQATIVAQDTVILDNLPVVHA-GWGATSWQG
PNYNR--QTAD CILRSNTNIVLNNNVRPVNIAGSNYNLADN-QPVWAAGWGATSLGG
PSYNT--RTLDNDIAILRSATTIAQNNQARPASIAGANYNLADN-QAVWAIGWGATCPGC
PSYNT--RTLDNOQIAILRSATTIAQNNQARPASIAGANYNLADN-QAVWAIGWGATCPGC
PSYNS--RTMDNDIAVLRSATTFSFNNQVRAASIAGANYNLADN-QAVWAAGWGTTSSGG
*

* % * * % * * k%%

181 v v X 4 240
STFEQLRQVQVWTVNQAICTNRYATR-NWVVTPNMLCSGWLDVGGRDQCQGHSIGGPLFHN
SLSEQLRQVQIWAVNQNTCRTRYASA-GWTITDNMLCSGWLDVGGRDQCQGOSGGPLFHN
PSSEQLRHVQVWTVNQATCRSRYASI -GRTVTDNMLCSGWLDVGGRDQCQGOSIGGPLYHN
PSSEQLRHVQVWITVNQATCRSRYAST -GRTVTDNMLCSGWLDVGGRDQCQGHSGGPLYHN
PASSQLQHVTIYTVNNDLCRERYLQLPNQIVTPNMICAGLLDVGGRDACQGHSIGGPLYYD
SGSEQLRHVQVWTINQNTCAQRYRPI -NRSITANMLCSGVLDVGGRDQCQGHSGGPLLLN
AGSEQLRHVQIWTVNQONTCRSRYLEV-GGTITDNMLCSGWLDVGGRDQCQGHSIGGPLFHN
AGSEQLRHIQIWTVNQONTCRSRYLEV-GGTITDNMLCSGWLDVGGRDQCQGHSGGPLFHN
S
*

SSSEQLRHVQLVTINQNTCRNNYATR-GIAITDNMLCSGWPN-GGRDQCQGHSIGGPLYHN

* % * * * * k% % * kkkk hkkHklkk*x*k

241 N < 278
RNVVGICSWGIGCADSFLPGVNARVSNYIGWI-Q-ANA
RIVVGVCSWGLGCADSFYPGVNARVSRYTAWI -Q-ANA
GVVVGVCSWGEECALARFPGVNARVTRYTSWI -S-NNS
GVVVGVCSWGEECALARFPGVNARVTRYTSWI -S-NNS
NILIGIVSWGHQCANATFPGVSTAVAPYTNWIVQIAES
NVLVGVCSWGQYCADRRYPGVNVRVSRFTSWI -Q-SNA
NVVVGVCSWGQSCALARYPGVNARVSRFTAWI -Q-ANA
NVVVGVCSWGQSCALARYPGVNARVSRFTAWI -Q-ANA
GIVVGVCSFGIGCAQAAFPGVNARVSRYTSWI-S-SNA

* * % * % * % % * * %
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Fig. 4. Predicted amino acid sequences of three trypsinogen-like pro- many_ trypsm-llke pro_telnases (Wang et al, _1993;
teins from P. interpunctella(strain RC688s) and alignment with 6  Valaitis et al., 1999)PiT2b cDNA had an N-terminus
other insect trypsin-like sequencedlsT=trypsinogen-like sequence  of IIVV which is similar to the N-terminus of a trypsin-
(GenBank: AAA39241) of M. sexta MsTC=tr_ypsin C precursor like proteinase from the silkwornBombyx mori{Sasaki
(GenBank: P35047) fromM. sexta BP2=serine proteinase P-Il o4 51 ' 1993)PiT2a and b are very similar in amino acid
(GenBank: S32398) from the silkwornBombyx mori CfT=trypsin . . L
(GenBank: AAA84423) from the spruce budworr@, fumiferana. seql_Jence, WhereﬁTz_C IS I?SS similar. mRNA levels
CfT1=trypsin CFT-1 precursor (GenBank: P35042) from the spruce Of PiT2a and c were higher in RC688s than in HD198r,
budworm, C. fumiferana HaT=trypsin-like proteinase (GenBank: whereasPiT2b mRNA was lower. Total trypsinogen
CAA72950) from the cotton bollwormH. armigera Functionally mRNA was only 1.1-fold higher in RC688s compared

) . 23 s A : 1 !
important residues Hi§ Asp', and Sef**are boxed and indicated by itk that of HD198r, which differed from the 2.2-fold
bold letters. Cysteines corresponding to the sites of predicted disulfide

bridges are marked with bold letters and solid triangf@ ¢n the top. higher trypsin-like activity in RC688s compared with
Conserved residues for the trypsin binding pocket,2A%51y5, and that of HD198r (Oppert et al., 1997). However, these

Gly?®, are indicated by<) at the top of the sequences. Identical resi- |atter activity measurements for RC688s also would
dues among all nine sequences are i_ndicated with sﬂ]a)r_at(the l?ot- include the contribution toward hydrolysis of @NA
e e e e o a2 the 45 kDa BANAase in his Sirain, the mRNA of
' ‘which was not measured and not included in the total
measured mRNA of the cloned trypsinogens in this
S/T2a R/T2a S/T2b R/T2b S/T2¢ R/T2e study. Although our results provide evidence for the pro-
duction of relatively equal transcriptional levels of 25
kDa trypsin-like proteins in the two strains, the signifi-
cance of the sequence differences and mRNA level
relationships of the individual trypsinogens for the two
strains ofPlodia will require expression and purification
of each trypsinogen and detailed studies on their bio-
chemical properties, specificities, and possible dietary
effects.

Trypsin-like genes have multiple copies in many
insects. Peterson et al. (1994) reported three cDNAs
encoding alkaline midgut trypsins iM. sexta Seven
trypsinogen cDNAs were identified iAnopheles gam-
biae (Muller et al., 1993). Wang et al. (1995) suggested
that ancestors of dipterans and lepidopterans may have
had only one trypsinogen gene, but that some species
may have gained extra copies by subsequent gene dupli-
cations. InDrosophila a relatively complex pattern of
molecular evolution for five clustered trypsin genes was
: R R proposed, which involved chromosome looping and gene
PiT2a PiT2b PiT2c PiT2a+b+e conversion (Wang et al.,, 1999). Two of these genes
Fig. 5. Quantitative analyses of mMRNA expression levels in RAm apparently evolved in cpn_cert, One mdependently, and
dia strains. (a) PCR amplifications of RC688s (S) and HD198r (R) the other two genes_ exhibited an |ntermeq_|ate_ pattern of
cDNA libraries by using primers specific for each of three trypsinogen- €VOlution. The function of these gene families is unclear.
like cDNAs (PiT2a, b, c) and resultant bands indicated by arrows. (b) Multigene trypsin families may have evolved to provide
mMRNA expression levels of all three trypsinogen-like prote§ 2a, a more efficient mechanism for protein digestion as well
b, ¢) in RC688s and HD198r_strainEiT2a+b+c=total amount of as to provide an adaptive advantage for phytophagous
MRNA for all three of the trypsinogens. species feeding on plants that contain proteinase inhibi-

tors (Bown et al., 1997; Reeck et al., 1999). Multigene
punctella midguts because this type of proteinase is families may allow the induction of proteinases that are
important in solubilizing and activating the protoxins insensitive to dietary inhibitors, as noted by Jongsma et
produced byB. thuringiensis and this species exhibits al. (1995), Broadway (1995), and Bolter and Jongsma
a trypsin-like proteinase-based mechanism of resistance(1995), or they may initiate proteolysis of proteinase
to Bt (Oppert et al., 1997). inhibitors by non-target digestive proteinases (Michaud

We observed both structural differences in the cDNAs et al., 1995).
and differences in expression of the individual trypsino-  In addition to multiple trypsin-like coding regions in
gen mRNAs between strains RC688s and HD198Pof  P. interpunctella there were also strain differences in
interpunctella The N-terminal sequence of boBiT2a the sequences of the enzymesPii2b andPiT2c, there
and PiT2c is IVGG, a highly conserved sequence in were five and two amino acid replacements, respectively,

—_
(=3

—
v

mRNA (ug) / larva (g)
N w L

-
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in the resistant strain. We compared the deducedthe resistant strain has lower levels of mMRNA Riff 2a
sequences dPiT2b andPiT2c with that of human beta- and PiT2c and higher levels oPiT2b mRNA. The
tryptase, a serine proteinase produced in mast cells andadaptive significance of both the altered protein struc-
thought to cause several allergic disorders (Pereira et al. tures and regulatory processes for trypsinogen-like pro-
1998), by sequence alignment and by examination of teins inPlodia, as well as the functional role during the
three-dimensional structure. PiT2b, an aliphatic resi-  ingestion of Bt toxin or other types of inhibitors, will be
due Al&2 (Fig. 1), corresponding to Afdof human tryp-  determined in the future.

tase located at a position opposite the binding pocket
and close to an active site residue histidine, is replaced
by an acidic residue A$pin the resistant strain. In both
PiT2b (Fig. 1) andPiT2c (Fig. 2), a leucine in the sus-
ceptible strain protein is substituted by proline, corre-
sponding to proline in the human tryptase which is dis-
tant from any functional groups. IRiT2b, a glutamic
acid at position 163 (Fig. 1) in the susceptible strain is
replaced by an aliphatic residue glycine in the resistant
strain, corresponding to an aspartic défdesidue in the
human tryptase, which is located close to the specificity-
determining residue aspartic a¢¥ The remaining two  References

amino acid changes##—-S% and $°°—F2%% occurred

at some distance from the functional residues (Fig. 1). Alexandre, I., Zammatteo, N., Ernest, I., Ladriere, J.-M., Le, L.,
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